Ot --OZ (li•z -•Z ) --(•t• n t-'Wbiology) OB --Oz +,5' -}-rnudge(Bclim --B),
where B was a non-conservative quantity (one of the nine components in the biological model), w was the vertical advective velocity, Wbiology WaS the vertical sinking or migration rate of the biological component, I(z was a vertical diffusion coefficient, ,5' was the source or sink term for B, and rnudge was the rate at which the biological component was restored back to Bclim, the climatological mean of the biological component.
Detrital sinking rates are difficult to estimate due to the size and dependence on the trophic origin associated with the sinking rates of detrital material [Michaels and Silver', 1988 ]. Hence the model retained only those portions of detrital material which have observed sinking rates slow enough to be retained in the upper ocean for longer than the observed detrital recycling time of 10 days. Specifically, zooplankton fecal material was not allowed to enter into the detrital pool but was assumed to sink rapidly out through the bottom of the 
Vertical Velocity and Diffusion
The While both upwelling and downwelling are observed in the CTZ, the vertical velocity in the model simulations was set to zero unless otherwise specified. This allowed investigation of the interactions among biological and optical properties independent of the circulation effects. We also did not investigate the net effect of a varying upwelling and downwelling velocity field on the food web. The focus of the simulations in each region was on biological processes and food web interactions. Also, for most of the offshore regions of the CTZ, verti- 'oblewski, 1977, 1983 ]. This value of 1 cm 2 s-1 is also the observed mean value off the Oregon Coast, a coastal upwelling region not unlike that of the California coast [Halperu, 1974] .
Climatological Nudging
The biological components in the model were forced back to a specified background climatology, Bclim over a time rate, rnudge, of 100 days. The background climatologies for both the nitrate and silicate concentrations were set to the initial conditions. All other biological component background climatologies were set to zero. By setting the background climatologies of the biological fields to zero, the resulting biological fields are then a result of the biological forcing and not a result of the climatological forcing.
The climatological nudging term was introduced for two reasons. Pirst, the climatological nudging term was introduced to account for those physical and biological processes which the 1-D model was unable to resolve. One specific process which the 1-D model was unable ,5'-Growth-Respiration-Death-Grazing,
where the first two processes represent net production. Phytoplankton net production is obtained from estimated carbon uptake rates (mg C (mg chlorophyll a) -• s-1). The phytoplankton net production rates were then used to estimate a nitrogen uptake rate by assuming a constant C:N Redfield ratio of 6. Carbon uptake rates were obtained in the CTZ by Hood et al. [1991] . Net primary production rates were calculated using a relationship modified from Platt et al. [1980] which allows for nutrient limitation, diurnal variation and photoinhibition. This relationship is of the form t)v (t)
_ exp (-c(t)PAR(z, t) )

PsB (t) exp (-fi(t)PAR(z, t)) ' (3)
The terms on the right side of equation (3) represent nutrient limitation (L), the time-and depth-dependent phytoplankton concentrations (N}, and the biomass normalized nitrogen uptake rate, The coefficient rr in equation (6) is the fraction of the total nitrogen used by the specific phytoplankton size class relative to the concentration of ammonium and is specified using the "flip switch" relationship of McCarthy [1981] . As ammonium concentrations increase, more of the required nitrogen needed to support phytoplankton growth comes from the ammonium portion of the total available nitrogen pool. viously. The f term is used to partition the primary production rates of the large and small phytoplankton into regenerated (ammonium derived) and new (nitrate derived) production.
Pmax(t) [(r•(t)+ fi(t))/c•(t)]
PsB(t) -
The final processes included in the phytoplankton equation represent losses due to cell death and zooplankton grazing. Cell death consists of processes such as cell autolysis or disease (e.g., vital infections). Measurements from the CTZ that can be used to parameterize these processes are not available. Thus phytoplankton loss was assumed to have a linear dependence on phytoplankton concentration. The rate of cell death was further assumed to be 10% per day for both phytoplankton size fractions. This rate is consistent with that used in other biological models [e.g., Hofmann and Ambler, 1988] . Losses due to zooplankton grazing were obtained as described in the following section. 
Growth results from the sum of the assimilated ingestion and total metabolic losses and may be negative. Predation represents losses from the three zooplankton species through transfers to higher trophic levels. Natural mortality includes processes such as disease. The formulations that were used to describe the processes on the right side of equation (8) [Frost, 1972 [Frost, , 1975 [Frost, , 1980 [Frost, , 1985 [Frost, , 1988 The efficiency with which the copepod assimilates food was assumed to vary with ingestion rate and hence food concentration. The formulation, suggested from the data presented by Landry et al. [1984] , assumed that the assimilation efficiency, AE(z,t), varied be- modified by the ingestion rate, I(z, t). As the ingestion rate increased in response to higher food concentrations, the assimilation efficiency approached its lower bound.
The values for the parameters in equation (10) are given in Table 3 , and the relationship between assimilation efficiency and food concentration is shown in Figure 3a .
The assimilated ingestion was calculated as the product of the assimilation efficiency and ingestion rates.
The fraction of ingested food that was not assimilated represents egestion, i.e. fecal pellet formation. The relationship between ingestion, assimilated ingestion, and egestion over a range of food concentrations is shown in Figure 3d . The loss of nitrogen due to molting was estimated from a growth-and temperature-dependent relationship that is obtained for Calanus pacificus [ Vidal, 1980b] and is of the form { N(z,t)(a + bGM) Table 3 . The actual growth rate used to determine the molting rate was specified using the the minimum of the optimal and calculated growth rate in order to ensure mass conservation. The dependence of the growth rate and the molting rate on food concentrations at a given temperature (10øC) is shown in Figure 3d .
The nitrogen loss due to reproductive processes was assumed to be the fraction of assimilated ingestion remaining after the demands of respiration, molting and growth were met [Rungc, 1985] . Reproduction was allowed only during periods of positive growth. This dependence of reproductive rate on food concentration is shown in Figure 3d .
The mortality due to predation by higher trophic levels and other natural causes was assumed to be dependent on the concentration of the zooplankton E. californicus and to increase to a maximal predation rate at some prey concentration. As discussed in the next section, E. californicus was grazed by Euphausia pacifica as well, because Euphausia pacifica feed preferentially on copepods [Price ctal., 1988 Table 3 . Natural mortality, the final loss term, was assumed to be a linear function of population concentration such that:
E. californicus has an average life span of 60-120 days. Therefore the weight specific natural mortality rate, /Dnat •'rate, was chosen such that in the absence of starvation and predation, the turnover time of the population was within the average life span. The actual value is given in Table 3 Table 3 . One difference between the euphausiid ingestion equation and that used for E. califor'nicus is the inclusion of a weighting factor, HC'(z, t), that allowed E. pacifica to have a relative preference for copepods versus phytoplankton. This factor is based upon measurements given by Ohman [1988] and Pt'ice ½t al. [1988] and is defined as
HC(z, t) -3Ncop(z, t) + Nspp(z, t) '
As the relative abundance of the E. californicus increases, E. pacifica will feed more preferentially on the copepod fraction than on the large phytoplankton fraction.
The relationship between ingestion rate and assimilation efficiency for E. pacifica [Lasker', 1966 ] was similar to that used for E. califor'nicus. The values for the parameters in the assimilation efficiency relationship were modified using the values for E. pacifica given by Lasker' [1966] and are given in Table 3 . The relationship among these three quantities for a range of food concentrations for E. pacifica is shown in Figure 3b .
The partitioning of assimilated ingestion into growth and metabolic losses for E. pacifica was assumed to be governed by relationships similar to those used for E. californicus. Excretion rates for nitrogenous waste by respiration for E. pacifica, obtained from equation Table 3 .
The loss of nitrogen due to molting was estimated from a relationship that is obtained for E. pacificus [Ross, 19828, b] and is of the form t) - Table   3 . The dependence of the molting rate and the growth rate on food concentrations at a given temperature is illustrated in Figure 3e .
The nitrogen loss due to reproductive processes was assumed to be the remaining fraction of assimilated ingestion after respiration, molting, and growth have been Table   3 .
Gelatinous zooplankton'
The doliolid Dolioletta 9e9enbauri is a nonselective filter feeder and is capable of ingesting both large (being constrained only by the diameter of its aperture [Deibel, 1982b] ), and small phytoplankton (< 5 p,m) fractions and detritus [Deibel, 1985] . Unlike the copepod and euphausiid animals, the ingestion rate of the doliolid is dependent upon the animal's filtration rate, which is limited by the flux of water through the animal's aperture. Thus the filtration rate of water, FDOL(Z, t), for a doliolid of average size, MDOL, was expressed as
where Fmax is the maximum volume flux through the aperture. The exponential term represents the decrease in flux due to the clogging of the animal's filtration mechanism by the large phytoplankton fraction [Madin, 1974; Deibel, 1982b] . The ingestion of food was obtained as
N(z't)F(z,t)rOOD(z,t) (19) -where FOOD(z, t) is the depth-and time-dependent
concentrations (mg N m -3) of the large and small zooplankton size fractions and the detritus pool. The values of the parameters in the ingestion equations are given in Table 3 . The assimilation efficiency was assumed to follow the same relationship used for E. californicus, and the parameters are given in Table 3 . The relationships among these three quantities for a range of food concentrations are shown in Figures 3c and 3f .
The partitioning of assimilated ingestion into growth and metabolic losses was assumed to be governed by relationships similar to those used for E. californicus. Excretion of nitrogenous waste by respiration was obtained using a general relationship suggested by Omori and Ikeda [1984] that relates respiration rate, animal body weight, and temperature. The parameters in the excretion equation were defined as those in the E. californicus excretion equation, and the values are given in Table 3 . Doliolids do not molt; therefore nitrogen loss due to molting was not included as a metabolic process for this animal.
The growth rate was the assimilated nitrogen remaining after respiration losses. For times when the respiration rate exceeded the assimilation rate, the growth was negative; i.e., starvation occurred. As a consistency check, the optimal growth rate at a given food concentration was obtained from an Ivlev-type growth relationship which was empirically derived from the growth relationship from the field and laboratory measurements given by Heron [1972a, b] , and Deibel [1982a Deibel [ , b, 1985 . The parameters were defined similar to those used in the E. californicus optimal growth relationship (equation (12)), and the values are given in Table 3 .
The dependence of growth on food concentrations at a given temperature is illustrated in Figure 3f .
The nitrogen loss due to reproductive processes was assumed to be the remaining fraction of assimilated ingestion after respiration and growth have been accounted for. Reproduction was only allowed during periods of positive growth. The dependence of reproductive rate on food concentration is shown in Figure 3f .
Both predation and natural mortality losses were calculated in a fashion similar to those of the copepods. D. gcgcnbauri has an average life span of 21-42 days [Heron 1972a ]. Therefore the natural mortality rate was chosen such that in the absence of starvation and predation, the turnover time of the population was within the average life span. The values of the parameters used to estimate the mortality terms are given in Table 3 Phytoplankton nitrate uptake was the only biological process which affected the concentration of nitrate. The rate of this process was governed by the amount of primary production and the f ratio of the two phytoplankton size. As the f ratio increases, more of the nitrogen that is required to support phytoplankton growth comes from the available nitrate.
Inputs to ammonium pool come from the sum of all the respiratory waste from the three zooplankton in the model and detritus recycling. Removal of ammonium by phytoplankton uptake was governed by the amount of primary production and the f ratio of the two phytoplankton size fractions.
Phytoplankton silicate uptake was the only biological process which affected the silicate concentration. This removal rate was calculated from the rate of nitrate uptake and the slope of the silicate to nitrate relationship in the CTZ region. The change in the slope of this relationship results from changes in species composition within the different water masses. Silicate-dependent diatoms, e.g., Chactoccros sp., are dominant in the nutrient-rich waters along the coast, while nonsilicatedependent phytoplankton, e.g., Syncchococcus sp., are dominant in the nutrient-poor waters; therefore the uptake of silicate is higher in the nutrient rich waters. 
Optical Model
The bio-optical portion of the model determined the magnitude of the subsurface irradiance field, which varied with depth, wavelength, and time. Both the direct and diffuse components of spectral irradiance at the sea surface were calculated using a simple, wavelengthdependent, solar model for direct normal and diffuse horizontal irradiance [Bird, 1984] •Values within parenthesis are those used in the coastal and oceanic simulation.
The simulations run with the model are divided into two parts. In the first part, the model sensitivity to changes in parameters and processes was explored. The processes included in the food web and bio-optical models described earlier are based on formulations that conrain approximately 150 parameters. Values for the majority of these parameters were specified using laboratory or field measurements, many of which were from studies within the CTZ. However, some of these processes, such as zooplankton mortality and detrital recycling efficiency, were based upon formulations that include unknown, poorly known, or poorly constrained parameters. Often, these processes are those that con- at the offshore location and arose primarily from sensor noise (e.g., ship motion) and variations in cloud cover.
On the basis of these comparisons, it was assumed that the bio-optical model adequately reproduced the observed surface and depth-dependent PAR fields for both coastal and oceanic regions in the CTZ.
Sensitivity .Analysis
Model sensitivity was explored in order to gain insight on the bio-optical and food web dynamics and Go determine the extent to which changes in the parameters and processes modified the model results. Several nonlinear interactions in the 1-D model were observed, even though the number of links in the food web, which is defined as the number of nonzero elements in the interaction matrix (Table 5) , was low. The results presented below are from a noninclusive group of sensitivity analysis cases which focus on those processes that control the rate of flow of nitrogen through the food web and includes: vertical advection, vertical diffusion, incident PAR, phytoplankton cell and detritus sinking, phytoplankton mortality, zooplankton grazing, zooplankton mortality, and detrital recycling. A summary of the sensitivity analyses performed is presented in Table 4 . The depth-integrated new primary production rates for both the large and small phytoplankton covaried with the biomass concentrations.
This was also observed in the regenerated primary production rates, but to a lesser extent. The increase in primary production in the large phytoplankton was caused by the shallowing of the nutricline. In the small phytoplankton, the increase was caused by reduced competition for nutrients and decreased grazing pressure. Vertical eddy diffusion injected nitrate and silicate into the euphotic zone from depth and also smoothed the vertical structure of the biological fields. A sharp, 40 m deep nitracline developed at low diffusivity. At higher diffusivities, the nitrate profiles became linear, and the nitracline disappears. Increased diffusivities caused the large phytoplankton to grow better at the surface, the chlorophyll maximum to shallow from 25 m to the surface, and the euphotic zone to shallow from 27 m to 15 m. No other processes or parameter tested in the sensitivity analysis allowed the chlorophyll maximum to shallow to the surface. At high diffusivities, the phytoplankton were no longer nutrient limited. Also, while photoinhibition did occur at the surface, its effect on the rate of primary production was not enough to keep the chlorophyll maximum from reaching the sur- The depth of the euphotic zone did not change significantly over the full range of incident PAR values tested. However, the depth of the chlorophyll maximum increased from 10 m to 30 m with increasing PAR values. Increased incident PAR allowed the phytoplankton to grow more rapidly at depth due to increased light at higher nutrient levels. The increase in light also caused the phytoplankton to grow slower at the surface due to the effect of photoinhibition, but this effect on the integrated primary production rates was slight. The increase in growth at depth was significantly higher than the decrease at the surface, and as a result, new primary production rates in both phytoplankton populations increased linearly with increasing PAR values. The increased growth rates resulted in a deeper nitracline, which caused the chlorophyll maximum to also develop at a deeper depth. The phytoplankton and detritus concentrations coratied with changes in PAR. The increase in zooplankton biomass was less than that observed in the phytoplankton because of the low trophic energy transfer efficiencies. In fact, changes in the euphausiid biomass were even smaller because the euphausiids are at an even higher trophic level.
Vertical eddy diffusion. The sensitivity of the model to changes in vertical eddy
3.2.4. Phytoplankton cell and detritus sinking rates. Model sensitivity to phytoplankton cell and detritus sinking rates was tested over a range of values varying from 0 to 5 times their estimated sinking rates (1, 0.1, and 1 m d-• for the large and small phytoplankton and detritus, respectively) ( Figure 9 ). Increased sinking rates removed phytoplankton from the upper water column, which resulted in a deeper euphotic zone. Increased sinking rates also moved nutrientlimited phytoplankton into nutrient-rich water. The combination of increased light and nutrient availability allowed the phytoplankton to take up more nitrate.
As the sinking rates increased, the small phytoplankton species dominated over the large phytoplankton, especially within the chlorophyll maximum. Finally, the magnitude of the deep chlorophyll maximum decreased with increasing sinking rates as a result of the decrease in the available light at the depth of the chlorophyll maximum.
Phytoplankton mortality.
Algal cell mortality consists of processes such as cell autolysis or disease (e.g., vital infections). Measurements from the CTZ that can be used to parameterize these processes are not available. Model sensitivity was explored over a wide range of phytoplankton mortality rates (0.1-1.0 d-i; Figure 10 ). The depth of the euphotic zone was very sensitive to the phytoplankton mortality rates. Increased phytoplankton mortality rates caused the euphotic zone to deepen. This was due to the decreased attenuation of light by the phytoplankton biomass.
The zooplankton biomass was inversely related to the phytoplankton mortality rates. At low phytoplankton mortality rates, the zooplankton populations increased and caused the ammonia concentrations to also increase. In the model, ammonia concentrations help control the rate of nitrate uptake. At the low phytoplankton mortality rates, the increased ammonia reduced the nitrate uptake rates. As a result, the nitracline was shallowest at low phytoplankton mortality rates. This reduced modification in nutrient uptake is also observed in the depth-integrated primary production rates.
3.2.6. Zooplankton grazing. The rate of grazing controls the transfer of biomass from the phytoplankton to the zooplankton. Model sensitivity to different levels of grazing pressure was determined by incrementally increasing the grazing pressure on the two phytoplankton from 0% to 200% of their estimated values (Figure 11 ).
The euphotic zone depth increased with increasing grazing pressure because the zooplankton removed the nutrient-limited, hence slower-growing, phytoplankton from the surface. As a result, the depth-integrated regenerated primary production rates for both phytoplankton also increased due to decreased light attenuation and increased ammonium production. Regenerated primary production increased more than new primary production because of the increased ammonium produc- as sensitive to the level of zooplankton grazing as it was to upwelling/downwelling processes.
Changes in the level of zooplankton grazing pressure did not change the depth of the chlorophyll maximum. However, increased grazing pressure did lower the magnitude of the chlorophyll maximum.
3.2.7. Zooplankton mortality. The rate of flow of zooplankton biomass into the detritus pool is controlled by the zooplankton mortality term. Zooplankton mortality results from processes such as starvation, predation, and disease. Measurements from the CTZ that can be used to parameterize these processes are not available. Model sensitivity to zooplankton mortality was investigated by varying zooplankton mortality rates from 0 to 0.2 day -• (P'igure 13).
As in the zooplankton grazing sensitivity analysis case, the depth of the resulting chlorophyll maximum was constant at 25 m for all levels of zooplankton mortality tested. However, unlike the zooplankton mortality cases, the depth of the euphotic zone decreased the depth-integrated primary production rates for both phytoplankton. The depth-integrated regenerated primary production rates for the small phytoplankton increased rapidly to a maximum at a detrital recycling rate of 0.3 day -1 and decreased slowly at higher recycling rates. The large phytoplankton, while not as sensitive, showed increasing depth-integrated regenerated primary production rates with increasing detrital recycling ratesß The slight decrease in depth-integrated regenerated primary production for the small phytoplankton at high detritus recycling rates was caused by the shallowing of the large phytoplankton chlorophyll maximum which shaded the deeper small phytoplankton. The rate of detrital recycling had an opposite effect on the depth-integrated new production. The depthintegrated new production rates for the small phytoplankton decreased with increased recycling rates. This trend was expected because the "flip switch" relation- ship between ammonium and nitrate uptake [McCarthy, 1981] is specified in the model. With this relationship, nitrate uptake is very sensitive to small increases in ammonium concentrations.
CTZ Simulations
The simulations presented in the previous sections illustrated the response of the model to variations in parameters and environmental conditions. The next application of the 1-D model used observations from the CTZ. Specifically, the model was initialized using nutrient and chlorophyll vertical distributions that were measured at a coastal and oceanic region in the CTZ (see Figure 1) . This allowed us to investigate the interactions among biological and optical properties independent of circulation effects. The CTZ is a transition region between the coastal region and the oceanic region. It is our belief that by adequately simulating both extreme regions the model was then also capable Because the model assumed a depthindependent vertical eddy diffusivity coefficient, the depth at which nutrient diffusion was largest was also the depth where the change in the gradient of the nutrient profile was largest. This depth was located just above the nitracline. It was at this depth that the phytoplankton nitrate uptake was highest. The nitracline deepened because the phytoplankton nitrate uptake was greater than upward vertical diffusion of nitrate, and conversely, the deepening of the nitracline caused the chlorophyll maximum to also deepen over the course of the simulation. The depth of the euphotic zone and the depth and magnitude of the chlorophyll maximum were controlled by the large phytoplankton. Also, the magnitude of the chlorophyll maximum decreased with depth as a result of decreased PAR. The mean downward displacement of the chlorophyll maximum was about 0.13 m d -•.
All three zooplankton components were confined to the upper 50 m of the water column, where the available food was located. Copepod and euphausiid concentrations were highest at the start of the simulation and decreased to maximum steady state concentrations of about 4 and 2 mg N m -a, respectively. Their decrease followed the decrease in the large phytoplankton concentrations, which was the primary food source for these two zooplankton. A bloom in the doliolids on day 20 resulted from a peak in the detritus pool on day 10. The peak in the detritus pool was caused by the initial bloom in the large phytoplankton.
The transient adjustments to the initial conditions did not greatly alter the model solution. The largest variability in depth-averaged biomass was observed in the phytoplankton. Much of this variability was caused by decreasing biomass due to the decrease in nitrate and silicate concentrations.
Both the copepod and euphausiid depth-averaged biomass decreased by about half over the first 60 days.
The mean doliolid biomass increased from about 1.5 to 4 mg N m -3 on day 25, after which it decreased slowly to 1.6 mg N m -3, which was close to its initial value.
Total zooplankton biomass overall declined by half.
The formation and maintenance of the chlorophyll maximum was controlled by various processes. The vertical distribution of these contributing processes (Figure 16) showed that processes such as grazing played a role in the initial formation of the subsurface chlorophyll maximum. However, the chlorophyll maximum was maintained primarily through in situ primary production. The depth to which the chlorophyll maximum reached a steady state was controlled by the inverse relationship that exists with depth between nutrient and PAR. In the model, maximum net growth occurred when the combined effects of light and nutrient limitation were minimal. showed that processes such as gra•,ing played a role in the initial formation of the subsurface chlorophyll maximum. Also, as in the coastal simulation, the chlorophyll maximum was primarily maintained through in situ primary production.
Discussion and Conclusions
The CT2; divides the inshore neritic and offshore oligotrophic regions, which differ from each other in temperature, nutrients, and plankton community structure. The region separating the coastal and offshore areas is largely influenced by offshore advecting filaments. Because of this, the patterns in the pelagic ecosystem within the CTZ are complex. However, in general, water is upwelled along the coast and advected offshore. Initially, the upwelled water is nutrient-rich and cold and contains low plankton biomass. As water is advected offshore, in situ processes alter the envi- ronment from eutrophic to oligotrophic [Abbott et al., 1990] . Silicate-dependent diatoms grow rapidly and deplete the water column of nutrients, after which diatom growth decreases due to silicate limitation. Eventually detrital nitrogen is recycled into ammonium and allows the nonsiliceous oceanic phytoplankton to better compete with the coastal diatoms for the available nutrients. The large phytoplankton dominated in both coastal and oceanic simulations. However, the smaller phytoplankton population was more significant offshore than onshore. There was a shift in the simulated phytoplankton assemblage toward the smaller phytoplankton from onshore to offshore. In the coastal simulation, the large phytoplankton biomass was 100 times that of the small phytoplankton, while in the oceanic simulation the large phytoplankton was only 6 times greater, a considerable difference or species shift. In the sensitivity simulations, we observed that the small phytoplankton dominated in the coastal simulation when downwelling occurred and when vertical diffusion was low. It may be that [1986] hypothesize that grazing serves to remove phytoplankton biomass in the upper water column and shifts absolute production to depth. While this was observed in the model results, it had no effect on the resulting depth of the subsurface chlorophyll maximum. This was also true for the zooplankton mortality sensitivity results.
The subsurface chlorophyll maximum shallowed with increased vertical diffusion and detrital recycling and deepened with increased incident PAR, sinking rates, and phytoplankton mortality rates. A linear relationship existed between the amount of incident PAR and the depth of the subsurface chlorophyll maximum. This implies that a seasonal variability in the depth of the subsurface chlorophyll maximum should be observed as a result of the seasonal variability of the solar zenith angles.
Because 
